Germination -Seeds were surface sterilized by immersion in 1.2% sodium hypochlorite solution for 30 min. The seeds were then rinsed twice with sterile distilled water and aseptically transferred to Petri dishes containing sterile fi lter Root enzymes that destroy phenolics may protect plants against allelopathic inhibition and thus may aid in invasiveness. Phenolic-degrading enzymes are chiefl y found in aboveground plant parts, but have also been previously reported in root tissues where the enzyme ' s function is unknown. We explored phenolic oxidase activity in emerging roots of grasses in a survey across different grass genera; in particular, we aimed to test whether grasses of the genus Bromus , known for their large invasion potential, differ in this respect from other grass taxa.
The emerging roots of germinating seeds are exposed to chemicals in soils. Prominent among the classes of compounds roots encounter are phenolics, many of which have been assumed to be involved in allelopathy. Allelochemical phenolic compounds may either be directly phytotoxic by reducing root growth in the soil ( Heisey and Delwiche, 1984; Hachinohe et al., 2004 ) or may be allelopathic signal molecules exuded by plants and detected by the roots and other parts of neighboring plants ( Karban et al., 2000; Bais et al., 2004 ) . The enzymatic destruction of phenolics by roots could alleviate allelopathic inhibition and thus contribute to invasiveness. It has been stressed that invasive plants often display unique characteristics that in their new range provide them with a competitive edge over native species (so called " novel weapons " ) ( Callaway and Aschehoug, 2000; Bais et al., 2003 ) . The presence of enzymes as a means of defense against allelochemicals has not been explored to date.
Enzymes that destroy phenolics are well studied and ubiquitous in plants ( Mayer and Harel, 1979; Flurkey, 1986 ; Mayer, 2006 ) . The enzymatic destruction of phenolics is typically an oxidative process with molecular oxygen (O 2 ) serving as the oxidant for oxidases and hydrogen peroxide (H 2 O 2 ) as the oxidant for peroxidases ( Mayer and Staples, 2002 ; Veitch, 2004; Mayer, 2006 ) . Substrate specifi city and the mechanism of catalysis are generally used to further classify these enzymes.
Phenolic oxidases and peroxidases are ubiquitous in vascular plants, mosses, and fungi ( Sherman et al., 1991 ) . In plants, the enzymes are typically concentrated in shoot tissues that contain plastids (chiefl y chloroplasts) and fruits and seeds ( Mayer and Harel, 1979 ) but have also been found in either aerial roots of orchids ( Ho, 1999 ) or belowground tubers ( Partington et al., 1999 ) . Polyphenol oxidases (PPO), the name used for the most common type of phenolic-oxidizing enzymes, have been found in the roots of a number of taxa ( Sato, 1976 ) ; however, the enzyme ' s function there is unclear.
In this paper, we explore PPO activity in emerging roots of grasses. In particular, we aim to test whether grasses of the genus Bromus that are known for their large invasion potential ( Roy et al., 1988 ) differ in this respect from other grass taxa.
MATERIALS AND METHODS
Seed sources and phylogenetic survey -In total, we assayed 24 grass taxa for this study. For some species, we assayed seeds from several sources. Table 1 shows the species selected as well as the individual seed sources. Within the genus Bromus , we took care to spread the samples among species with different life forms and origin (native vs. nonnative in North America). For the other grass genera, we selected species with contrasting phylogenetic distance to the genus Bromus , thus ensuring that our survey covered a range of closely and distantly related genera. Taxonomic distance (see Table 1 ) was approximated by enumerating simple branch topology taken from the phylogenetic " supertree " that was constructed recently for the Poaceae ( Salamin et al., 2002 ) . Data evaluation -Enzyme activity was estimated by a linear regression determination of the slope of Δ A 475nm vs. time. The roots of Bromus seedlings typically became intensely colored within 2 min of the initiation of the assay. Consequently, reaction products were being retained in the roots and were not contributing to the 475 nm absorbance in solution. Because of this, the measured rate of change of absorbency at 475 nm did not become linear with time until about 10 min after the start of the assay. Thus, the activity data are estimates and are likely signifi cant underestimates of the total enzyme activity of the roots. Relative activity was calculated by dividing Δ A 475nm /min, determined from the linear portion of the graph, by the length of the root as determined by scanning and measuring the root with a Regent ' s WinRhizo Pro (version 2004b) setup. The scanner resolution allows measurements to accurate length increments of 0.1 mm; root hair distribution was not quantifi ed since at this resolution root hairs cannot be discerned.
Differences between specifi c activity among taxa, life forms, and origins were tested with ANOVA using the program SPSS for Windows version 15.
RESULTS
Enzyme identity -Phenolics can be oxidized by two families of enzymes: oxidases, that use molecular oxygen as their oxidizing agent, and peroxidases, that use hydrogen peroxide. Both types of enzymes are widely distributed in plants. In an attempt paper. Sterile distilled water was added to wet the seeds. The Petri dishes were incubated on the laboratory bench at room temperature. Assays were typically performed when the seed roots reached a length of 0.5 to 1.5cm.
Assay methods -Routine assay for grass species survey: 2,3-dihydroxy-lphenylalanine ( l -DOPA) was used as the substrate for the spectrophotometric assay of phenol oxidase activity. The 5.0 mL assay mix in a 13 × 100 mm tube contained 5 mM l -DOPA in 25 mM MOPS buffer at pH 6.5. A Spectronic 20D spectrophotometer (Milton Roy, Ivyland, Pennsylvania, USA) was used to measure the increase in absorbance at 475 nm ( Δ A 475nm ). The assays were initiated by immersing a specifi c length of root (typically 0.8 -1.2 cm long) in the assay mix with rapid mixing. The presence of the root did not interfere with absorbency measurements. At pH 6.5, the rate of auto-oxidation of l -DOPA was minimal and did not interfere with the enzyme assay. The activity of the enzyme was calculated as Δ A 475nm × 10 4 per minute per centimeter root length. In an attempt to distinguish between phenol oxidase and peroxidase activities, assays were also performed with the addition of approximately 6000 IU bovine liver catalase per 5 mL reaction mix.
Survey of potential substrates -Besides l -DOPA, we tested a range of other phenolic compounds as substrates: 5 mM l -tyrosine was dissolved (with diffi culty) in 25 mM TAPS buffer, pH 8.0; 5 mM caffeic acid in 25 mM MOPS at pH 7.1; and other phenolic compounds evaluated as potential substrates were dissolved in water at 5 mM and adjusted to pH 7 with 1 N NaOH. Table 1 . Grass species surveyed. The tribe nomenclature follows ( Gould and Shaw, 1983 ) , and the phylogenetic distance was calculated based on branch topology ( Salamin et al., 2002 ) . Survey of potential substrates -l -Tyrosine (4-hydroxyphenylalanine) is a monophenol that can be oxidized to l -DOPA by to determine which type of enzyme is present in Bromus roots, we measured the rate of l -DOPA oxidation in the presence and absence of added bovine liver catalase. There was no effect on the rate of l -DOPA oxidation, suggesting that the activity we observed is an oxidase rather than a peroxidase. However, because we assayed intact roots, we cannot rule out the possibility of an l -DOPA peroxidase being present within cells of the root structure and therefore inaccessible to the added catalase. For the remainder of this paper, we assume the activity we measured is a polyphenol oxidase.
PPO activity in roots of Bromus species -All species of Bromus examined in this study had PPO activity. Microscopic observations of the roots revealed intense color development in the root hairs and core of the roots. Reaction product could be observed diffusing away from the root within about 2 min after initiation of the reaction. The relative activity of the enzyme did not vary over the length of the root. We found no evidence that the activity in the growing tip was greater than the activity of the proximal portion of the root just outside the seed husk.
The roots of newly germinated seeds had activity as soon as they emerged. The roots of colorless B . inermis seedlings that germinated in total darkness for 35 d at 5 ° C had the same level of activity as seedlings that germinated in 2 -3 d in the light at 20 ° C. The roots of seeds that germinated in Petri dishes containing fi lter paper had more enzyme activity than did the roots of seeds germinated while suspended in water. Seed husks darkened after 24 h incubation in l-DOPA solution, but the color was less intense than that of the roots. There was a trace level of enzyme activity in husks of intact, nongerminated seeds.
Using qualitative l -DOPA assays, we could show that the PPO activity was present also in adult plants of Bromus madritensis subsp . rubens. Enzyme activity appeared to be constitutive, and the activity persisted throughout the life of the plant. Adult plants had enzyme activity throughout their root systems.
Grass phylogeny and PPO activity -The screening across a wide range of grass taxa resulted in a clear fi nding: grasses from the genus Bromus had much higher enzyme activity compared to any other tested grass genera ( Fig. 1 , Table 2 : ANOVA F 1,29 = 28.30, P = 0.002 for the difference between Bromus and all other genera). Taxonomic distance to Bromus , as shown in Fig. 1 , did not affect activity because both genera closely related to Bromus (e.g., the genus Festuca ) and distant genera had either very low enzyme activity or lacked it altogether. The activities of tested non-Bromus species did not differ from each other (see Fig. 1 ), and the regression of PPO activity on phylogenetic distance from Bromus was not signifi cant ( r 2 = 0.029, P = 0.189).
PPO activity in Bromus species: Effects of life form and plant origin -Even though species of the grass genus Bromus were characterized by high root PPO activity, the tested Bromus species showed pronounced interspecifi c variation ( Fig. 2 ) . This could not be attributed to differences in life form because annual and perennial Bromus species did not differ from each other in their PPO activity (ANOVA effect of life form: F 1,112 = 2.13, P = 0.147). For the subset of Bromus species with seed sources from North America, a signifi cant difference in PPO activity between native and nonnative species was found (means 4.11 ± 0.35 SE vs. 6.39 ± 0.61. ANOVA: effect of status [native vs. nonnative] F 1,112 = 3.10, P = 0.049). However, this difference was based on a comparison of only two native species ( B. kalmii and B. carinatus ) against a set of six nonnative species The two substrates we have thus far identifi ed, l -DOPA and caffeic acid, are 3,4-dihydroxy compounds; that is they are diphenols with adjacent hydroxyl groups. Five mM protocatechuic acid (3,4-dihydroxybenzoic acid) showed little or no activity as a sole substrate. Five mM catechol (1,2-dihydroxybenzene) appeared to be a weak substrate for the enzyme as evidenced by a slight color change at 475 nm. However with both compounds present, 5 mM catechol resulted in between a 5-and 8-fold acceleration of the rate of oxidation of 2.5 mM l -DOPA.
DISCUSSION
Enzymes that oxidize phenolic compounds are ubiquitous in plants and most other organisms. The literature on phenol oxidase has been frequently reviewed by Mayer and coworkers ( Mayer and Harel, 1979 ; Mayer, 2006 ) who suggested that the physiological function of most of these enzymes is yet to be determined. Here we show an apparently previously unknown pattern: the strong presence and activity of PPO in roots of the grass genus Bromus . It appears that the presence of high levels of phenol oxidase among grasses is restricted to the genus Bromus alone; the roots of other tested grasses, including members of phylogentically close taxa, expressed little or no activity. The intensity of phenol oxidase activity of Bromus roots is striking. The enzyme assays used in this study used intact roots as our attempts to solubilize the enzyme failed (P. Shahrokh and D. Kafkewitz, unpublished data) . As noted, the retention of reaction products in the roots delayed the onset of linearity of the spectrophotometric assay. We view our activity data as estimates (and likely, signifi cant underestimates) rather than precise determinations.
The function of the phenol oxidase in the roots of Bromus remains to be explained. Among the obvious hypotheses are detoxifi cation ( Grambow and Langenbeck-Schwich, 1983 ) , signal transduction ( Yoder, 1999; Bais et al., 2004 ) , or defense against predation ( Bais et al., 2005 ). An enzyme that functions to defend the plant against toxic compounds in soil would be expected to have broad substrate specifi city. Our experiments however, suggest that the Bromus enzyme has narrow specifi city. Unlike polyphenol oxidases associated with melanization, the Bromus enzyme has no monophenolic activity. A signal transduction function, that is, an enzyme serving as part of a detection mechanism that alerts the plant to the presence of specifi c phenolics, would not likely require such large amounts of enzyme ( Bais et al., 2004 ) . Furthermore, for this purpose, the enzyme would probably be localized in the root tips. Other experiments (data not shown) indicated that the level of activity is similar for the entire length of the root. A defensive function similar to that described for leaf PPO for the enzyme is possible ( Mayer, 2006 ) , though why it would require such large amounts of enzyme is not obvious. The stimulation of DOPA oxidation by catechol is an observation that remains unexplained.
PPO activity has been correlated to plant stress, often due to pathogens and herbivores ( Kruzmane et al., 2002 ; Dicko et al., 2005 ) , which suggests that this enzyme plays a role in general biotic interactions that might go beyond that of predator avoidance and could involve competitive interactions with other plants ( Hachinohe and Matsumoto, 2007 ) . Even though the role and taxonomic specifi city of high PPO activity in grasses of the genus Bromus is not yet clear, it can be speculated that a connection between the enzyme and the success of members of the some phenolic oxidases ( Mayer, 2006 ) . Roots of B. inermis and B. madritensis rubens seedlings had no activity with l -tyrosine. No color was evident after 48 h of incubation of seedlings in l -tyrosine solution. Crushing the roots to overcome any permeability barrier to tyrosine had no effect. The addition of hydrogen peroxide had no effect on tyrosine oxidation. Catalase activity within the roots was, however, quickly evident.
Caffeic acid -Bromus inermis and B. tectorum seedling roots displayed activity toward caffeic acid (3,4-dihydroxy-transcinnamic acid) as estimated by an increase in A 475 nm . The ratio of activity toward l -DOPA vs. caffeic acid, both estimated by Δ A 475 nm averaged 2.7 for six seedlings of B. inermis and 1.5 for fi ve seedlings of B. tectorum . The ratio of activities did not vary over the length of the seedling roots. Because we did not measure the extinction coeffi cients of l -DOPA or caffeic acid under the conditions of our assay, we cannot determine the relative affi nities of the enzyme toward these substrates, but it is clear that caffeic acid is a substrate for the enzymes.
Phenolics survey -l -DOPA is not likely to be the naturally occurring substrate for the root enzyme. Therefore, we undertook experiments in an attempt to determine the activity of the Bromus inermis phenol oxidase on phenolic compounds that are more likely to be found in soil. Competition experiments were performed in water using 2.5 mM l -DOPA (half the concentration used in our standard assay) and 5 mM of another phenolic compound. The reaction mixtures were adjusted to pH 7 with NaOH.
The presence of 5 mM of the following monophenolics had no effect on the rate of oxidation of 2.5 mM l -DOPA: 2-hydroxybenzoic acid (salicylic acid), 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, (2-, 3-, or 4-)coumaric acids (2-, 3-, or 4-hydroxycinnamic acid). These data are consistent with the lack of activity toward tyrosine. Additionally, neither 5 mM vanillin (4-hydroxy-3-methoxybenzaldehyde) nor pyrogallol (1,2,3-trihydroxybenzene) had any effect of the oxidation of 2.5 mM l -DOPA. Spectral scans between 260 nm and 780 nm showed no changes were caused by incubating a Bromus seedling root in a solution of any of the compounds listed. genus Bromus exists. In this context, it is interesting to note that several brome species are successful and problematic plant invaders in North America ( Beatley, 1966 ; Roy et al., 1988; MacDougall and Turkington, 2004 ) . Our data set suggests that nonnative bromes have higher PPO activity than the native species tested. While we recognize that this difference is based on a limited data set (see above) and cannot prove a causal relationship at this time, this pattern is nevertheless interesting and suggests that high PPO activity may be related to the strong invasiveness of bromes. It is intriguing to speculate that high levels of PPO activity in bromes may act as " novel defenses " against allelochemical interactions in the invaded range (see Callaway and Ridenour, 2004 ) . We are currently experimentally testing the relationship of PPO activity and resistance to allelochemicals and are exploring the ramifi cations of such causal relationships for the increased competitive behavior and invasiveness of grasses of the genus Bromus . For example, in one of these experiments, we found that a Bromus species ( B. inermis ) did indeed perform better in competition with a presumed allepathic species ( Ambrosia artemisiifolia ) compared to the grass Dactylus glomerata (C. Holzapfel et al., unpublished data) . However, a clear connection between the strong and genus-specifi c enzyme activity and the biological invasiveness of bromes is speculative and remains to be explored.
In summary, the signifi cant fi ndings of this study are that every species of Bromus that we examined had large amounts of polyphenol oxidase activity in its roots. PPO was present at germination and throughout the life of the plant. PPO activity in Bromus appeared to have a narrow substrate range compared to other PPO enzymes. By screening for PPO activity among a range of grass taxa, we presented evidence that roots of 12 species of the grass genus Bromus constitutively had high levels of a phenol oxidase that attack 2,3-diphenolic compounds, while roots of seedlings of 10 other grass genera had little or no such activity.
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